We have evaluated the transcriptional activation of a human p21 promoter reporter construct by transfection of BRCA1 expression constructs into tumorigenic and nontumorigenic human breast cell lines. Two cell lines with wildtype p53 (MCF-7 and MCF10A) demonstrated transcriptional activation of the p21 promoter by fulllength BRCA1 (BRCA1 L ) as well as by two splice variants that lack most of exon 11 (BRCA1 S and BRCA1 S-9,10 ). In contrast, two cell lines with mutant p53 (MDA-231 and HCC1937) were inactive. Co-transfection of BRCA1 L with BRCA1 S or BRCA1 S-9,10 exhibited synergistic p21 promoter activation, due to augmented expression of the cytomegalovirus promoter-based BRCA1 expression constructs. We examined the transcriptional activity of two known sequence alterations in BRCA1, one that results in a carboxy-terminal truncation of BRCA1 and is clearly pathogenic, and the other a missense mutation that is suspected of predisposing to cancer. Although both mutations have been shown to be defective in some assays of transactivation, we observed both mutations to be fully active in activation of the p21 promoter when incorporated in the full-length BRCA1 L . In contrast, these mutations rendered BRCA1 S inactive. These observations indicate that such transcriptional assays cannot serve as the basis for a functional appraisal of BRCA1 sequence alterations encountered in the course of genetic testing. Oncogene (2000) 19, 6351 ± 6360.
Introduction
With its identi®cation in 1994, elucidation of the biological functions of BRCA1, especially those relevant to its capacity as a tumor suppressor gene for inherited breast and ovarian cancer, became the research focus of a considerable number of investigators . Two more recent observations have served to underscore the importance of research into BRCA1 function. First, that a signi®cant proportion of sporadic breast cancers have diminished expression of BRCA1 (Thompson et al., 1995; Magdinier et al., 1998; Rio et al., 1999; Wilson et al., 1999; Seery et al., 1999) , suggesting that even partial loss of BRCA1 function may facilitate tumor progression, and extending importance of BRCA1 to many more breast cancers than just those arising in mutation carriers. Second, as genetic testing for germline mutations in BRCA1 has been applied to individuals with lower a priori risks of bearing a pathogenic mutation, the proportion of test results with missense alterations of unclear signi®cance has risen (Frank et al., 1998; Klemp et al., 2000) . Development of a functional assay with which to evaluate such missense sequence changes requires knowledge of the functions of BRCA1 that are relevant to its role as a tumor suppressor gene for breast and ovarian cancer. BRCA1 has to date been implicated in three important cellular processes: cell proliferation, transcription, and DNA repair Welcsh et al., 2000) . However, major shortcomings of the majority of published studies relating to BRCA1 function are that they examine the function of only the initiallydescribed full-length isoform and ignore an important splice variant of BRCA1, or they focus on experiments with non mammary (or ovarian) cell lines, or both.
Our initial report identifying a common in-frame splicing event that generates a form of BRCA1 which retains the amino and carboxy ends of full-length BRCA1 but lacks approximately 60% of internal sequence, largely encoded by exon 11 (Lu et al., 1996) , was quickly followed by two more extensive characterizations of these splice forms of BRCA1 (Thakur et al., 1997; Wilson et al., 1997) . We have termed the major splice variant with one in-frame deletion of *97% of exon 11 as BRCA1 S , and a minor variant that also lacks exons 9 and 10 as BRCA1 S-9,10 . Other investigators have designated BRCA1 S as BRCA1-D11b and BRCA1a, and a similar exon 11-lacking splice form as BRCA1D672-4095 (Thakur et al., 1997; Wilson et al., 1997; Wang et al., 1997) . BRCA1 S-9,10 is also referred to as BRCA1b (Chai et al., 1999) . We and others have reported that these 97 ± 110 kDa isoforms are expressed along with full-length BRCA1 (BRCA1 L ) in most examined cells and tissues (Lu et al., 1996; Thakur et al., 1997; Wilson et al., 1997) . A few investigators have noted that BRCA1 S has activity in assays of cell growth, apoptosis, and transcription (Jensen et al., 1998; Shao et al., 1996; Chai et al., 1999) , but a thorough comparative examination of the relative eects of BRCA1 S and BRCA1 L in appropriate cell systems has not been reported. The importance of BRCA1 S to a full appreciation of the function of BRCA1 is underscored by the recent report that a similar splicing event takes place in murine cells, and that Brca1 S is both embryologically expressed and functional in knock-out mice in which only exon 11 was removed (Xu et al., 1999) .
Initial investigations into the transcriptional activation capacity of BRCA1 focused on the acidic carboxy terminus, largely consisting of two so-called BRCT domains in tandem. Fusion of this portion of BRCA1 sequence to a GAL4 DNA binding domain yielded a protein with transcriptional competence in yeast and in the 293 cell line (Monteiro et al., 1996; Chapman and Verma, 1996) . Furthermore, introduction of known pathogenic mutations of BRCA1 into this fusion construct blocked transcriptional activity. More recently, researchers have described both p53-dependent and -independent transcriptional activation by BRCA1 L of a p21 promoter reporter construct, and lack of activity when mutant BRCA1 L was used, albeit in non breast-derived cells (Somasundaram et al., 1997; Ouchi et al., 1998; Zhang et al., 1998) . These observations have fostered the suggestion that transcriptional activation can serve as the basis for a functional assay of BRCA1 missense alterations that would distinguish the truly pathogenic from the benignly polymorphic (Hayes et al., 2000) .
We have evaluated transcriptional activation activity for the human p21 promoter by BRCA1 splice forms in four mammary epithelial cell lines, three of which derive from breast cancers. The MCF10A nontumorigenic cell line was used for further examination of the eects of co-transfection of BRCA1 isoforms, and the impact of selected mutations in BRCA1 when incorporated within speci®c splice variants. We found that BRCA1 L as well as the BRCA1 S and BRCA1 S-9,10 isoforms induce p21 promoter transactivation in cells with wildtype p53, but not in cells with mutant p53. Furthermore, we have observed a synergistic eect on p21 promoter activity with co-transfection of BRCA1 L with BRCA1 S or BRCA1 S-9,10 . Underlying this phenomenon was a cooperative enhancement of transgene expression, driven by the cytomegalovirus (CMV) promoter, that was dependent upon the transcriptional capacity of the BRCA1 S isoform. In addition, our ®nding that an unequivocally pathogenic mutation in BRCA1 L did not diminish its transcriptional activity for this promoter in breast cells suggests that this particular function of BRCA1 cannot serve as the basis for a functional assay with which to evaluate missense alterations of unclear clinical signi®cance.
Results
Transcriptional activation of the p21 promoter by BRCA1 splice forms in a panel of human breast cell lines Four human breast epithelial cell lines were chosen for transient transfection of a human p21 promoter luciferase construct (pWWP-Luc) along with one of three BRCA1 isoforms: full-length (BRCA1 L ), the more prevalent isoform lacking most of exon 11 (BRCA1 S ), and a related variant in which exons 9 and 10 are also spliced out (BRCA1 S-9,10 ). Both the MCF10A and MCF-7 cell lines express wildtype p53, whereas HCC1937 and MDA-231 cells contain mutant p53. The HCC1937 line was derived from a breast cancer that arose in a carrier of the 5382insC BRCA1 mutation (Tomlinson et al., 1998) . These tumor cells have lost the wildtype allele, and express a truncation mutant of BRCA1 lacking 34 amino acids from the carboxy terminus. Transfection of BRCA1 L resulted in a 3 ± 4-fold induction of p21 promoter activity in MCF10A cells, and an approximately 2 ± 3-fold induction MCF-7 cells. Transfection of BRCA1 S or BRCA1 S-9,10 also resulted in apparent transcriptional activation of the p21 promoter in these cells, albeit at a lower level (Figure 1a) . The dierence in the magnitude of induction of luciferase activity between MCF10A cells and MCF-7 cells may be in part due to signi®cantly higher levels of expression of endogenous BRCA1 proteins in MCF-7 cells, compared with much lower levels of expression of endogenous BRCA1 in MCF10A (not shown). Consistent with this possibility, the baseline luciferase activity from cells transfected with the control vector alone was considerably higher in MCF-7 cells than in MCF10A cells. In the two breast cancer cell lines with mutant p53 (HCC1937 and MDA-231), none of the BRCA1 isoforms displayed transcriptional activity with this p21 promoter construct. These data suggest that in human breast cells full-length BRCA1 as well as the BRCA1 S / BRCA1 S-9,10 isoforms exhibit p21 transactivational activity that is dependent upon functional p53.
We examined the dose-dependency of BRCA1 transcriptional activity, and correlated p21 promoter activity with the level of BRCA1 in the transfected cells in a series of experiments with MCF10A cells. As is illustrated in Figures 1b and 2 , a dose-response relationship was evident: increasing amounts of BRCA1 expression plasmid yielded increasing levels of luciferase activity (Figure 1b ), and correlated with increasing levels of expression of the speci®c BRCA1 isoform protein (Figure 2 ). Interestingly, considerably higher levels of BRCA1 S protein can be achieved by transient transfection, compared with full-length BRCA1. The apparent increase in BRCA1 L in the cells transfected with 1.2 mg of the BRCA1 S expression plasmid was shown by probing the membrane with an exon 11-speci®c antibody to be an artifact of the marked overexpression of BRCA1 S (bottom panel of Figure 2 ). Finally, it is evident that full-length BRCA1 is more eective than BRCA1 S at p21 transcriptional activation.
Co-transfection of BRCA1 isoforms in MCF10A cells
Since BRCA1 isoforms are typically co-expressed in cells, we examined the eect of co-transfection of fulllength BRCA1 L with either of the two exon 11 internal deletion isoforms (BRCA1 S and BRCA1 S-9,10 ) on p21 promoter activity. The results are shown in Figure 3 . In these experiments with MCF10A cells, transfection of BRCA1 L resulted in nearly threefold induction of luciferase activity over cells transfected with control vector alone. Transfection of BRCA1 S or BRCA1 S-9,10 resulted in roughly a twofold induction. Of note, when BRCA1 L and BRCA1 S are co-transfected together, indicated in Figure 3 as L+S, an eightfold induction of luciferase activity was observed. This increase is more than simply the additive eects of BRCA1 L alone plus BRCA1 S alone, suggesting some manner of synergy when both isoforms are co-expressed. Similar results were obtained with cells co-transfected with BRCA1 L and BRCA1 S-9,10 ( Figure 3) .
To elucidate the mechanism of the apparent synergy between BRCA1 L and its exon 11-lacking isoforms, we examined the protein expression levels of the BRCA1 isoforms in transfected cells, in parallel with the experiments presented in Figure 3 . Transfection of the BRCA1 expression plasmids singly yielded the expected increases in the plasmid-encoded isoform (evident in lanes 2, 3 and 4 of Figure 4 ). Both BRCA1 S or BRCA1 S-9,10 appeared as a doublet in Western blots, probably due to tyrosine phosphorylation (Wang et al., 1997) . Of particular note, cotransfection of BRCA1 L with either BRCA1 S or BRCA1 S-9,10 resulted in marked increases in the protein levels of both isoforms. By densitometric analysis of band intensity, it was evident that in these co-transfections there was a fourfold increase in the levels of the lower molecular weight isoforms, and a doubling in the amount of the full-length protein. The increased expression of BRCA1 L upon co-transfection with BRCA1 S or BRCA1 S-9,10 was most clearly evident when probing with an exon 11-speci®c antibody (bottom panel of Figure 4 ).
These protein data indicate that the more-thanadditive transcriptional activation of the p21 promoter observed with co-transfection of BRCA1 L with an isoform lacking most of exon 11 correlates with increased protein expression levels of the BRCA1 isoforms. To further investigate this phenomenon, we examined mRNA expression levels in the transfected cells ( Figure 5 ). In the top and middle panels, the Northern blot was probed with a carboxyl terminal cDNA fragment corresponding to nucleotides 4558 ± , together with 0.1 mg of pWWP-luc plasmid. Equal molar ratios of the BRCA1 expression plasmids were used in these transfections, and total DNA was kept constant at 1.1 mg with additional empty vector, as needed. The transfected cells were harvested after 48 h and luciferase activity was measured as described in Materials and methods. Values shown are the means+s.e.mean of three independent experiments, with fold induction of luciferase activity calculated relative to cells transfected with the empty control vector. In both the MCF10A and MCF-7 cells, the greater luciferase induction observed with BRCA1 L compared with either BRCA1 S or BRCA1 S-9,10 isoforms was statistically signi®cant (P50.03). (b) MCF10A cells were transfected with empty vector (RK7), or increasing amounts of BRCA1 expression plasmids (BRCA1 L or BRCA1 S ) together with 0.1 mg of pWWP-Luc plasmid. The amount of BRCA1 L plasmid DNA used for transfection ranged from 0.6 mg to 1.2 mg, and the amount of BRCA1 S plasmid DNA ranged from 0.4 mg to 1.2 mg, respectively. Total DNA was kept constant at 1.3 mg with empty vector RK7. Cell lysates were prepared and analysed as in the above panel. Values shown represent fold induction of luciferase activity compared to cells transfected with the empty control vector, and are the means+s.e.mean of three independent experiments Figure 2 Western blot analysis of BRCA1 protein expression in transfected cells. Total cell lysates were prepared from MCF10A cells transfected as in Figure 1b , and 30 mg of protein was separated on a 7.5% SDS polyacrylamide gel. The top panel and the middle panel were immunoblotted with the amino-terminal anti-BRCA1 monoclonal antibody MS110 (Ab-1). The bottom panel was immuno-blotted with anti-BRCA1 monoclonal antibody BRCA1-17F8, an exon 11-speci®c antibody 5728 of BRCA1 coding sequence. It is evident that the increased expression of BRCA1 protein isoforms in the cells transfected with BRCA1 L plus BRCA1 S or BRCA1 S-9,10 is due, at least in part, to increased levels of the corresponding mRNAs. To determine whether the increased expression of BRCA1 mRNA derives from the transfected expression plasmid or from the endogenous BRCA1 gene, the membrane was stripped and re-probed with a 3'UTR cDNA fragment that detects only the endogenous message. The results are shown in the bottom panel of Figure 5 . We observed no signi®cant dierences in the mRNA expression levels of endogenous BRCA1 isoforms, suggesting that all of the increased expression of BRCA1 isoform mRNA in the transfected cells derives from the transfected BRCA1 expression constructs. This was con®rmed by probing the membrane with a probe speci®c to sequence within the expressed portion of the plasmids not shared by the endogenous gene (not shown).
Because our plasmids utilize a CMV-derived promoter to drive expression, we decided to investigate whether BRCA1 can transactivate this promoter. MCF10A cells were transfected with BRCA1 L or BRCA1 S , along with an expression plasmid in which expression of green¯uorescent protein (GFP) is under the control of the CMV promoter (CMV-GFP). Expression of GFP was augmented twofold by cotransfection of BRCA1 L or BRCA1 S (Figure 6 ). Of note, transfection of the CMV-GFP reporter plasmid along with both BRCA1 L and BRCA1 S resulted in a ®vefold induction of GFP expression. These results demonstrated that BRCA1 isoforms are capable of transactivating the CMV promoter in these cells. Figure 4 Western blot analysis of BRCA1 protein expression in transfected MCF10A cells. MCF10A cells were transfected with BRCA1 expression plasmids singly or in combination, as described in Figure 3 . Total cell lysates were harvested 48 h after transfection and 30 mg of protein was separated on a 7.5% SDS polyacrylamide gel, then immunoblotted with BRCA1 antibodies. The top panel was immunoblotted with anti-BRCA1 monoclonal antibody MS110 (Ab-1), directed against the amino terminus of BRCA1. The bottom panel was immunoblotted with anti-BRCA1 monoclonal antibody BRCA1-17F8, an exon 11-speci®c antibody Figure 5 Northern blot analysis of BRCA1 mRNA expression in transfected MCF10A cells. MCF10A cells were transfected as described in Figure 4 . RNA was harvested 48 h after transfection, and 20 mg of total cellular RNA loaded per lane. Blots were probed either with a cDNA fragment from BRCA1 coding sequence common to all splice forms (ORF probe, top and middle panels) or a cDNA fragment from a portion of the 3' untranslated region of BRCA1 not included in the expression constructs (3'-UTR probe, bottom panel). Ethidium Bromide staining of the RNA gel documented equal loading of RNA in each lane ). The molar ratios of the expression plasmids for BRCA1 L , BRCA1 S , and BRCA1 S-9,10 used for these transfections were equal. The transfected cells were harvested after 24 ± 48 h and luciferase activity was measured. Values shown here are the means+s.e.mean of 3 ± 7 independent experiments, with fold induction of luciferase activity calculated relative to cells transfected with the empty control vector Transcriptional activation of the p21 promoter by mutant BRCA1 isoforms in MCF10A cells
To date, the eect of mutations in BRCA1 on its ability to transactivate the p21 promoter in nontumorigenic mammary epithelial cells has not been examined. We have evaluated two BRCA1 mutations that other investigators have reported lack transcriptional activity when tested in either yeast-based assays or by transfection into a colon cancer cell line (Monteiro et al., 1996; Chapman and Verma, 1996; Somasundaram et al., 1997; Zhang et al., 1998) .
The ®rst mutation we tested, designated A1708E, is an alanine-to-glutamate missense alteration in the carboxy terminal acidic region of BRCA1, within one of the BRCT repeats. Although this germline alteration, which was ®rst reported in a young woman with breast cancer whose mother had ovarian cancer, has been presumed to be pathogenic, this has not yet been con®rmed . Surprisingly, BRCA1 L bearing this mutation (indicated as A1708E-L in Figure 7a ) was competent at transcriptional activation of the p21 promoter in these cells. Also, upon co-transfection with wildtype BRCA1 S the A1708E mutation when present in the full-length isoform was fully capable of producing the synergistic eect seen with wildtype BRCA1 L . In contrast, the mutant form of BRCA1 S (designated as A1708E-S in Figure 7b ) was transcriptionally inactive (P50.02). Furthermore, co-transfection of this transcriptionally incompetent mutant BRCA1 S along with wildtype BRCA1 L resulted in complete loss of the previously observed synergistic transactivation of p21 promoter activity (Figure 7c , P50.012 comparing WT-L+WT-S versus WT-L+A1708E-S).
Western blot analysis of transfected cells demonstrated that failure of the A1708E mutation in BRCA1 S Figure 6 BRCA1 augments CMV promoter activity. MCF10A cells were transfectd with 0.1 mg of the CMV-GFP reporter plasmid along with either empty vector (RK7), BRCA1 L (L), BRCA1 S (S), or the combination of full-length BRCA1 L with BRCA1 S (L+S). Molar ratios of the BRCA1 expression plasmids were equal and total DNA in each transfection was kept constant (1.1 mg) with additional RK7 vector. Cell lysates were harvested 36 h after transfection and the amount of green¯uorescence in the lysates was analysed as described in Materials and methods. Values shown here are the means+s.e.mean of three independent experiments, with fold induction relative to cells transfected with the RK7 control vector and CMV-GFP alone a b c Figure 7 Eect of the A1708E mutation on the transcriptional activity of BRCA1 isoforms. MCF10A cells were transfected with 0.1 mg of the pWWP-luc reporter plasmid along with empty vector (RK7) or BRCA1 expression constructs, singly or in combination, as indicated. In panel A, wildtype BRCA1 L (WT-L), mutant BRCA1 L (A1708E-L), wildtype BRCA1 S (WT-S), or a combination of WT-S and WT-L or A1708E-L were tested, with equimolar amounts of BRCA1 expression plasmid. In panel B, WT-S was compared with mutant BRCA1 S (A1708E-S), both at 0.8 mg per dish, which is twice the amount of this plasmid that was used in panel A. In panel C, WT-L, WT-S, A1708E-S, or a combination of WT-L and either WT-S or A1708E-S were tested. Lysates were prepared from transfected cells after 24 ± 48 h and luciferase activity measured. Values shown here are the means+s.e.mean of three independent experiments, with fold induction of luciferase activity calculated relative to cells transfected with the empty control vector Oncogene Transcriptional activity of BRCA1 splice variants M Lu and BA Arrick to support activation of the p21 promoter-luciferase construct was not due to lack of mutant protein expression (Figure 8 ). In addition, the augmentation in BRCA1 protein expression by co-transfection of BRCA1 isoforms was not apparent when the BRCA1 S plasmid contained the A1708E mutation. This is consistent with the observed loss of synergistic p21 transactivation upon co-transfection of wildtype BRCA1 L with A1708E mutation-bearing BRCA1 S .
The second mutation in BRCA1 that we evaluated is a truncation mutation near the carboxy-terminus, designated 5382insC. In this mutation, a frameshiftinducing insertion of a single nucleotide at position 5382 results in truncation of the last 34 amino acids of BRCA1 protein. This germline mutation clearly predisposes to breast and ovarian cancer (Struewing et al., 1997) . The HCC1937 human breast cancer cells used in Figure 1 are known to harbor this mutation in the BRCA1 gene (Tomlinson et al., 1998) . A compilation of data from multiple transient transfection experiments with BRCA1 L and/or BRCA1 S bearing this mutation is presented in Figure 9 . As was the case with the A1708E mutation, full-length BRCA1 with the 5382insC mutation, indicated as 5382insC-L in Figure 9 , was indistinguishable from wildtype (WT-L) in terms of transactivation of the p21 promoter-luciferase reporter plasmid, either alone or when co-transfected with wildtype BRCA1 S (indicated as WT-S in Figure 9 ). Also reminiscent of the results with the A1708E mutation, we found that introduction of the 5382insC mutation into the BRCA1 S expression plasmid abolished its transcriptional activity, either when transfected alone (P50.015) or when cotransfected with wildtype BRCA1 L (P50.016). Western analysis con®rmed that lack of an eect on the p21 promoter with transfection of 5382insC-S was not due to lack of expression of the mutant BRCA1 protein (not shown).
Transcriptional activation of the p21 promoter by mutant BRCA1 L isoform in SW480 cells
Our observations that both 5382insC mutant fulllength BRCA1 and A1708E mutant full-length BRCA1 are as active as wildtype BRCA1 L in the transactivation of the p21 promoter in MCF10A cells are in contrast with previous reports that both mutant forms were transiently inactive in a colon cancer cell line, SW480 (Somasundaram et al., 1997; Zhang et al., 1998) . To ascertain whether ours is a cell line-speci®c observation, we examined our BRCA1 mutant constructs in SW480 cells. As shown in Figure 10 , transcriptional activity in SW480 cells was apparent for all three BRCA1 L expression constructs.
Discussion
Since its initial identi®cation over 6 years ago, considerable progress has been achieved in elucidation of the important functions of BRCA1. Three categories of function have been documented: cell proliferation, gene transcription, and DNA repair. While it is possible that in some cells BRCA1 functions in all three of these venues, it is likely that its critical tumor suppressor functions vis-aÁ-vis breast and ovarian cancer are not as broad-based. An important motivation for eorts to characterize those functions of BRCA1 that facilitate carcinogenesis when lost or diminished is that such insights could hasten development of eective chemoprevention strategies for mutation carriers. Furthermore, development of a functional assay with which to evaluate missense alterations, and thereby determine whether each represents a benign polymorphism or a pathogenic mutation, should be based on an aspect of BRCA1 function that is central to its tumor suppressive property.
Our investigative approach had been guided by an attempt to avoid two important limitations inherent to much of the currently published functional studies of BRCA1. The ®rst is a focus on only one of the splice forms of BRCA1, typically full-length BRCA1 L , to the exclusion of prominently-expressed splice forms with 3.3 ± 3.4 kb in-frame internal deletions, such as BRCA1 S . Any assumption that BRCA1 L is the only functional product of the BRCA1 genetic locus is unwarranted, especially given reports that transfection of BRCA1 S has activity in assays of transcription, cell proliferation, and apoptosis (Chai et al., 1999; Jensen et al., 1998; Shao et al., 1996) . Furthermore, since most cells and tissues examined co-express BRCA1 L and BRCA1 S , the possibility that they may modify, attenuate, or augment each other's activities must be considered, perhaps by dimerization mediated by the shared amino-terminal portion of BRCA1 isoforms (Brzovic et al., 1998) . A second signi®cant limitation of published studies concerning BRCA1, especially with Figure 8 Wester blot analysis of BRCA1 protein expression in MCF10A cells transfected with wildtype and/or A1708E mutant forms. Cellular lysates were prepared from MCF10A cells that were transfected exactly as described in Figure 7 , and 10 mg of protein was separated on a 7.5% SDS polyacrylamide gel, then immunoblotted with the anti-BRCA1 monoclonal antibody MS110 (Ab-1). Two exposures of a representative blot are shown, with the top panel exposed so as to show the dierences in expression level of full-length BRCA1. The bottom panel is a shorter exposure showing dierences in expression of exon 11-lacking BRCA1 isoforms regard to its capacity as an activator of transcription, is that they utilize cell lines that, though easy to manipulate experimentally, are potentially quite unlike mammary or ovarian epithelial cells. Until the basis for the tissue speci®city of tumorigenesis in BRCA1 mutation carriers is understood, reliance on possibly irrelevant cell types must proceed with caution.
We have provided the ®rst report comparing the transcriptional activity of BRCA1 L and exon 11-de®cient isoforms in breast cells. Speci®cally, we have shown that both isoforms can activate a human p21 promoter reporter construct in two cell lines with wildtype p53, but not in two others with mutant p53. Our data support the recent report of Chai et al. (1999) indicating dependence upon p53 for p21 promoterbased transcriptional activity of BRCA1 S and BRCA1 S-9,10 in COS-7 cells. Our ®ndings, however, do not support their conclusion that the second BRCT domain, common to all described BRCA1 isoforms, is sucient for this activity since the A1708E missense mutation is outside of that region.
Though the lower molecular weight (97 ± 110 kDa) splice forms of BRCA1 are predominantly cytoplasmic, largely due to absence of the nuclear localization signal (NLS), two groups have reported that a small portion of BRCA1 S may indeed be nuclear (Wang et al., 1997; Wilson et al., 1997) . Nuclear translocation of BRCA1 S could result from its physical interaction with another protein that itself has a functioning NLS. Possible nuclear escorts for BRCA1 S include BRCA1 L , CtIP, BAP1, and p53 (Brzovic et al., 1998; Yu et al., 1998; Li et al., 1999; Jensen et al., 1998; Chai et al., 1999) . The observation of others that only a relatively small fraction of BRCA1 S is localized to the nucleus may underlie our data that the BRCA1 S and BRCA1 S-9,10 isoforms are less potent activators of p21 promoter transcription, compared with BRCA1 L .
In experiments in which BRCA1 expression constructs for both BRCA1 L and BRCA1 S or BRCA1 S-9,10 were co-transfected into MCF10A cells, we observed synergistic transactivation of the p21 promoter reporter. Further investigation revealed that this was largely Figure 9 Eect of the 5382insC mutation on the transcriptional activity of BRCA1 isoforms. MCF10A cells were transfected with 0.1 mg of the pWWP-luc reporter plasmid along with empty vector (RK7) or BRCA1 expression constructs, singly or in combination, as follows: wildtype BRCA1 L (WT-L), mutant BRCA1 L (5382insC-L), wildtype BRCA1 S (WT-S), mutant BRCA1 S (5382insC-S), or the indicated combinations of wildtype and mutant BRCA1 L and BRCA1 S isoforms. As before, equimolar amounts of BRCA1 expression plasmid were used in all transfections, except the last two bars in which WT-S was compared with mutant BRCA1 S (5382insC) with 0.8 mg expression plasmid per dish, twice the plasmid DNA concentration that was used in the other transfections. Lysates were prepared from transfected cells after 24 ± 48 h and luciferase activity measured. Values shown here are the means+s.e.mean of three independent experiments, with fold induction of luciferse activity calculated relative to cells transfected with the empty control vector Figure 10 Mutant full-length BRCA1 is able to transactivate the human p21 promoter in SW480 cells. SW480 cells were transfected with 0.2 mg of the pWWP-Luc reporter plasmid along with 1.8 mg of either empty vector control (RK7), wildtype BRCA1 L (WT-L), or mutant BRCA1 (A1708E-L or 5382insC-L), as described in Materials and methods. The transfected cells were harvested after 24 ± 48 h of transfection and luciferase activity was measured as described in Materials and methods. Values shown here are the means+s.e. of six independent experiments attributable to augmented expression of mRNA and protein for the BRCA1 isoforms, derived from the CMV promoter-based plasmids. Of note, transcriptional competency of the BRCA1 S isoform was required for this eect. It has been reported that the A1708E mutation abolishes BRCA1's interaction with CtIP (Yu et al., 1998; Li et al., 1999) , and this may well hold true for the 5382insC mutation. We would hypothesize, therefore, that the inability of mutant BRCA1 S to activate the p21 reporter, or to support the augmented expression seen with co-transfection of BRCA1 L plus BRCA1 S , is due to a defect in its nuclear localization. BRCA1 L , with its own NLS, would not be dependent upon binding to a translocating escort protein, explaining why the same sequence alterations did not abolish its transcriptional activity. This hypothesis can be tested by examining the nuclear translocation of mutant forms of BRCA1 S , and testing whether introduction of a functional NLS into mutant BRCA1 S restores (or even enhances) its transcriptional capacity.
In the course of elucidating the mechanism for the greater-than-additive eects seen with co-transfection of BRCA1 L and BRCA1 S expression plasmids, we suspected and then con®rmed that BRCA1 isoforms can transactivate the CMV promoter. We were therefore intrigued to see the report of Pao et al. (2000) indicating that BRCA1 can transactivate a b-galactosidase expression construct driven by the Rous sarcoma virus-long terminal repeat promoter. This apparent transcriptional promiscuity on the part of BRCA1 suggests that caution is in order when attempting to use such plasmids as controls for transfection eciency in experiments involving BRCA1.
Our observation that an unambiguously pathogenic mutation of BRCA1 (5382insC) did not diminish BRCA1's transactivation of the p21 promoter was unexpected. Although not previously tested in MCF10A cells, or any other breast-derived cell line, this mutation was reported inactive at transcriptional activation of this same p21 promoter reporter construct in SW480 colon cancer cells (Somasundaram et al., 1997) . This dierence in results was not attributable to the dierences in cell lines since we observed a similar retention of activity when we transfected our constructs into SW480 cells. An important conclusion from our ®ndings is that transcriptional activation of a p21 promoter construct might not be an appropriate basis for development of a functional assay of germline BRCA1 missense alterations identi®ed in the course of genetic testing of individuals concerned about an inherited predisposition to breast or ovarian cancer. Of note in this regard, Scully et al. (1999) have recently developed an assay, based on assessment of the rate of repair of double-stranded DNA breaks, that they suggest could be suciently robust to serve as a discriminating functional test of BRCA1's antioncogenic eect.
Materials and methods

Cell lines and culture conditions
The human breast cancer cell lines MDA-231 and MCF-7 and the colon adenocarcinoma cell line SW480 were obtained from American Type Culture Collection. The HCC1937 cell line was provided by Dr Roy Jensen (Vanderbilt University), and the MCF10A cells were provided by Dr Jean Gudas (National Cancer Institute). Basic culture medium consisted of DMEM/F12 medium supplemented with 10% fetal bovine serum, 2.5 mM L-glutamine, 100 IU/ml penicillin, and 100 mg/ml streptomycin. MCF10A cell culture medium was further supplemented with epidermal growth factor (20 ng/ ml, human recombinant), insulin (8 mg/ml), and hydrocortisone (0.5 mg/ml). Cells were incubated at 378C, 5% CO 2 .
Preparation of BRCA1 expression plasmids
Wildtype BRCA1 constructs A full-length BRCA1 cDNA plasmid in the bluescript SKII vector was constructed from a partial BRCA1 cDNA plasmid, +F3 (provided by Myriad Genetics, Inc.), and a BRCA1 cDNA plasmid provided by Dr Roy Jensen (Vanderbilt University). The two cDNA constructs for the splice variants BRCA1 S and BRCA1 S-9,10 were generated by replacing the 3.6 kb AatII/HgaI fragment of full-length BRCA1 in bluescript with an AatII/HgaI fragment generated from the RT ± PCR product using primers 595U and 4343L, as described previously (Lu et al., 1996) . The complete cDNA sequences were then subcloned into the RK7 expression construct, in which eukaryotic expression is driven by the cytomegalovirus promoter (provided by Genetech, Inc.). Plasmids were veri®ed by sequencing.
Mutant BRCA1 constructs
The A1708E BRCA1 mutation was generated by site-directed mutagenesis using the QuickChange Site-Directed Mutagenesis Kit (Stratagene), as per manufacturer's instructions. The BRCA1 S plasmid was used as a template with the following two mutagenesis primers: 5'-GAAATATTTTCTAGGAATTGAGGGAGGA-AAATGGG-3' (forward primer), and 5'-CCCATTTTCCTC-CCTCAATTCCTAGAAAATATTTC-3' (reverse primer). The 1293 bp PPuMI/SmaI fragment containing the A1708E mutation was then used to replace the equivalent fragment from the wildtype constructs. The 5382insC mutation was generated by RT ± PCR using RNA prepared from HCC1937 human breast cancer cells, known to harbor this mutation in the BRCA1 gene (Tomlinson et al., 1998) . RT ± PCR were performed, as previously described (Lu et al., 1996) , with the following primers: 5'-TGCCAGAAAACACCACATCAC-3' (forward primer), and 5'-TAGCCAGGACAGTAGAAG-GAC-3' (reverse primer). The resulting PCR product was digested with BstEII and the 342 bp fragment containing the 5382insC mutation was used to replace the wildtype sequence in the BRCA1 S plasmid. Then, full-length mutant BRCA1 was generated by replacement insertion of a 1293 bp PPuMI/ SmaI fragment from mutant BRCA1 S into BRCA1 L . All plasmid sequences were veri®ed by sequence analysis.
Transient transfections and luciferase assays
MCF10A, MCF-7, HCC937, and SW480 cells were cotransfected with BRCA1 expression plasmids and pWWPLuc reporter plasmid using the FuGENE 6 transfection reagent (Boehringer Mannheim). MDA-231 cells were cotransfected using the TransIT-LT2 Polyamine transfection reagent (Pan Vera Corporation). The pWWP-Luc plasmid, incorporating a 2.4 kb genomic fragment from the human p21 promoter driving expression of luciferase (El-Deiry et al., 1993) was provided by Dr B Vogelstein (John Hopkins University). Lysates were harvested 24 ± 48 h post-transfection. To prepare lysates, cells were washed twice with cold PBS, and then 200 ml ± 1000 ml of luciferase lysis buer (1% Triton X-100, 25 mM glycylglycine, 15 mM MgSO 4 , 4 mM EGTA, 1 mM DTT) was added directly to the cells. Cells were scraped and transferred to a microcentrifuge tube, then centrifuged at 14 000 g for 5 min at 48C to pellet insoluble material. The supernatant was assayed for luciferase activity in triplicate in a luminometer. In this assay each well of a 96-well plate contained 40 ml of lysate and 145 ml of assay buer (25 mM glycylglycine, 15 mM potassium phosphate pH 7.8, 15 mM MgSO 4 , 4 mM EGTA, 2 mM ATP, 1 mM DTT). The reaction was begun with the addition of 40 ml of luciferin reagent (400 mM luciferin, 25 mM glycylglycine). Luciferase activity of each sample was normalized by protein concentration, as determined by the BCA assay (Pierce). Transfection eciency among dierent BRCA1 plasmids was documented to be similar by Southern blot using genomic DNA prepared from the insoluble pellets of the luciferase lysates, and probed with a luciferase DNA fragment.
For experiments with the GFP reporter plasmid CMV-EGFP (pEGFP-N3, Clontech) MCF10A cells were transfected with FuGENE 6 and lysates harvested 36 h posttransfection using luciferase lysis buer as described above. The amount of green¯uorescence was assessed by analysing 100 ml aliquots of the lysate in duplicate in a¯uorimeter with excitation wavelength at 485 nm and emission wavelength at 508 nm. The GFP¯uorescence of each sample was normalized to the amount of total protein in the lysate.
Western blot analysis
Protein lysates were harvested 2 days after transfections by ®rst washing cell monolayers with cold PBS, then lysis in a modi®ed RIPA buer (50 mM Tris, pH 7.6, 0.1% SDS, 150 mM NaCl, 0.5% deoxycholate, 1% NP-40) containing protease inhibitors (9.5 mg/ml aprotinin, 10 mg/ml leupeptin, and 1 mM pefabloc). The crude lysates were transferred to a microcentrifuge tube, then shaken on ice for 20 min followed by centrifugation at 16 000 g for 15 min at 48C to pellet insoluble material. The supernatant was transferred to a microcentrifuge tube and stored at 7708C. Protein concentrations were determined by the BCA protein assay (Pierce). Protein lysates were resolved by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. The membranes were blocked in 5% milk in tris-buered saline (TBS) and incubated with primary antibody diluted in 5% milk in TBS, 0.05% Tween 20 (TBST) overnight at room temperature. Following three washes in 5% milk in TBST, the blots were incubated with HRP-conjugated secondary antibody (Jackson Laboratories) diluted 1 : 2000. The blots were then washed three times in 5% milk in TBST, rinsed once in TBS and developed by enhanced chemiluminescence (Amersham). The BRCA1 N-terminal Ab, MS110 (Ab-1), the epitope of which corresponds to amino acid 1 ± 304 of BRCA1, was used at 1 mg/ml (Oncogene Research Products, OP92-100UG). The BRCA1 exon 11-speci®c Ab, BRCA1-17F8, epitope corresponding to amino acid 762 ± 1315 of BRCA1, was used at 2 mg/ml (GeneTex, MS-BRC10-PX1).
RNA purification and Northern analysis
Total cellular RNA from cultured cells either untransfected or transfected with BRCA1 expression plasmids was prepared using the Trizol reagent (GIBCO/BRL). For Northern analysis, 20 mg of total cellular RNA was electrophoresed, then electro-transferred and UV cross-linked to nylon membranes (Gene Screen; NEN). Probes were labeled using a-32 P dCTP using the random primed DNA labeling kit (Boehringer Mannheim) and puri®ed by NucTrap Probe Puri®cation Columns (Stratagene). Prehybridization, hybridization and washing steps were performed as instructed using Super Hybridization Buer System (DNA Technologies, Inc.). A BRCA1 partial cDNA clone (+F3) was provided by Myriad Genetics, Inc. ORF probe, referring to a probe from the open reading frame of BRCA1, is a 1171 bp PstI fragment from the +F3 cDNA plasmid, corresponding to nucleotides 4558 ± 5728 of BRCA1 . The 3'-UTR probe, a probe from 3' untranslated region, was a 207 bp fragment ampli®ed from human genomic DNA using the following primer pairs: (forward primer) 5'-ACTGTCCTGGCTACTAAATA-3'; (reverse primer) 5'-AGGGCTGATAAATAATGAAT-3'.
Statistical analysis
Statistical signi®cance of the experimental data was determined using the two-tailed, unpaired Student's t-test or the two-tailed Welch's alternate t-test where appropriate. P values 50.05 were considered signi®cant. SE refers to standard error of the mean.
